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ABSTRACT 
An explora tory  s tudy was made o f  open-channel flow over  beds con- 
s i s t i n g  e i t h e r  e n t i r e l y  o r  p a r t i a l l y  of  l a r g e  g ranu la r  roughness. 
Steady,  uniform flow was e s t a b l i s h e d  at  v a r i o u s  depths  and v e l o c i t i e s  
ove r  two types  of  beds,  one rough over  t h e  e n t i r e  width of  a l abo ra to ry  
flume, t h e  o t h e r  rough only  over  h a l f  t h e  width and smooth over  t h e  o t h e r  
h a l f .  F r i c t i o n  f a c t o r s  were determined f o r  t h e s e  flows, and d e t a i l e d  
v e l o c i t y  d i s t r i b u t i o n s  were measured i n  t h r e e  runs. 
The f r i c t i o n  f a c t o r s  f o r  the e n t i r e l y  rough beds compared c l o s e l y  
with t h o s e  p red ic t ed  by t h e  Karman-Prandtl equat ions ,  and t h e  v e l o c i t y  
d i s t r i b u t i o n s  s t r o n g l y  suggested t h e  e x i s t e n c e  o f  secondary c i r c u l a t i o n  
o f  t h e  second kind. 
Analys is  is o f f e r e d  t o  show t h a t  subd iv i s ion  o f  t h e  c r o s s  sec-  
t i o n  o f  a t u r b u l e n t  flow by curves  normal t o  t h e  equal  v e l o c i t y  curves  
does not  r e s u l t  i n  h y d r a u l i c a l l y  independent zones o f  flow, i n  t h a t  
t h e r e  w i l l  b e  t u r b u l e n t  i n t e r change  o f  t h e  l o n g i t u d i n a l  component o f  
momentum among such zones; o t h e r  methods o f  subd iv i s ion  are considered 
and none found t o  be c o m p l e t e l y  s a t i s f a c t o r y .  
The customary s ide- wall  c o r r e c t i o n  method i s  reviewed and found 
t o  have no e x p l i c i t  r a t i c n a l  b a s i s ,  and a l though  i t  is recognized t h a t  
t h e  method g i v e s  r e l i a b l e  r e s u l t s  i n  t h e  s i t u a t i o n s  t o  which i t  i s  
u s u a l l y  a p p l i e d ,  i ts a p p l i c a t i o n  t o  widely d i f f e r e n t  s i t u a t i o n s  should 
be undertaken with caut ion .  
Sugges t ions  f o r  needed f u r t h e r  r e s e a r c h  a r e  of fe red .  
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1. General observations 
A r i v e r  i s  a flow of 'water and sedment ,  whose behavior is 
governed by t he  water and sediment loads imposed on it and by the  nature 
of  the  val ley  i n  which i t  flows. The regimes o f  r i v e r s  a r e  cont inual ly  
being a l t e r e d  by man, by t he  const ruct ion o r  operation of dams, d ivers ion 
works, o r  s t ra igh ten ing  and deepening operat ions ,  and the  e f f e c t s  of such 
a c t i v i t y  o f ten  extend many miles up and down the  stream from the  a c t u a l  
s i t e  of t he  a c t i v i t y .  Hence, a complete assessment o f  the  impact of 
such man-made changes i s  important to  o rder ly  planning of water resources 
development and control .  However, mechanics of  flow i n  r i v e r s  is s t i l l  
not very well understood, 
The turbulent  flow of water i n  flumes, l ined  canals,  and o the r  
r i g i d  conduits  of  homogeneous boundary roughness is well understood i n  
i t s  gross  aspec t s ,  conceptual models of  the  s t r u c t u r e  of the turbulence 
have been f a i r l y  successful .  Von Karman's s i m i l a r i t y  hypothesis, o r i g i-  
na l ly  proposed t o  a ~ p l y  t o  the  region o f  flow i n  t he  general  neighborhood 
o f  t he  boundary, is the  ba s i s  of workable and successful  desc r ip t ions  o f  
the  ve loc i ty  d i s t r i b u t i o n  and over-a l l  r es i s t ance  to  flow found i n  such 
channels, 
Once considera t ion is given t o  channels consis t ing o f  loose, 
movable mate r ia l  (e.g., most na tu r a l  streams, flowing over sediment), t h e  
p i c tu r e  is much l e s s  encouraging. For not only must one then i nves t i ga t e  
the r a t e  o f  movement of t he  channel mate r ia l  (i.e., sediment), but one 
a l s o  soon r e a l i z e s  t h a t  the  resistance- to- flow r e l a t i o n  is much more 
complicated. Where i n  t he  former case  a f r i c t i o n  f ac to r  could be r e l a t ed  
t o  t he  stream Reynolds number and t o  an  index of the  roughness o f  t he  
f ixed boundary, now the boundary is no longer f ixed,  and its shape 
depends on flow condit ions and on t he  r a t e  of  sediment t ranspor t ,  Thus 
i n  studying a l l u v i a l  streams, one seeks r e l a t i o n s  fo r  both sediment and 
f l u i d  t r anspor t  (commonly re fe r red  t o  a s  " t ranspor t w and llresistance-to- 
flowft o r  %oughnesstl r e l a t i ons ,  respect ively  1. 
Of these  two funct ional  r e l a t i o n s ,  the  t ranspor t  r e l a t i on  has 
had much more a t t en t i on  i n  the  pas t ,  although there  have been severa l  
recent  e f f o r t s  t o  understand t he  roughness r e l a t i on .  These e f f o r t s  vary 
i n  soph is t i ca t ion  and success, and w i l l  be only very b r i e f l y  reviewed 
here. Each o f  the  p r inc ipa l  papers deal ing with res i s t ance  t o  flow i n  
a l l u v i a l  open channels starts by postula t ing t ha t  the  boundary shear 
s t r e s s  may be considered a s  the  sum of two par t s .  The f i r s t  par t  i s  
t h a t  shear  which would be f e l t  by a f ixed ,  f l a t  bed of the  same t ex tu r e  
as t ha t  of  the  a c t u a l  bed, and is usual ly  re fe r red  t o  a s  the  "grain re-  
sistancel1. The remainder ( the  "form dragv) is  considered to  a r i s e  prin-  
c i p a l l y  from the  e f f ec t  of  bed forms ( r i pp l e s ,  dunes, e t c . ) ,  although 
being a r e s idua l  term, i t  necessar i ly  includes a l l  s i de  effects .* The 
idea  of d ividing the  shear seems t o  have been suggested by Meyer-Peter 
and MUller (I), who chose t o  express t h i s  d iv i s ion  i n  terms of  a corre-  
sponding d iv i s ion  of t he  energy slope. Eins te in  (2 ,3)  expressed the  
d iv i s ion  i n  terms of two hydraulic r a d i i ,  and he and Barbarossa (4) have 
.published t he  ana ly s i s  of  some f i e l d  observations on the  r e l a t i on  be- 
tween a shear  parameter and t he  res i s t ance  t o  flow, i n  which the e f f ec t  
of  t he  bed forms ("form" o r  "bar res is tance" )  is expressed i n  terms em- 
bodying t he  par t i t ioned  hydraulic radius. Various workers a t  t he  Colorado 
S t a t e  University (5, 6, and 7 ,  f o r  example) have wri t ten  on the  subject ,  
depending heavily on dimensional ana lys i s  t o  order  and extend the  r e s u l t s  
of t h e i r  laboratory work. Taylor and Brooks (8) and Taylor (9) have 
*These include e f f e c t s  o f  channel alignment and changes i n  shape. 
attempted t o  simplify the  means of descr ib ing bed configurations,  now 
la rge ly  a  sub jec t ive  process, 
A l l  t h e  s t ud i e s  mentioned above have depended e i t h e r  on very 
generalized desc r ip t ions  o f  t h e  na tu r a l  channel s tudied ( a s  i n  Eins te in  
and ~ a r b a r o s s a )  o r  on very idea l i zed  laboratory  models of  na tu r a l  chan- 
ne l s ,  I n  t he  t yp i ca l  laboratory flume, experiments a r e  frequently a r -  
ranged so as t o  have as near ly  a two-dimensional s i t u a t i o n  as possible. 
Such s imp l i c i t y  is seldom found i n  na tu r a l  streams, it  being q u i t e  com- 
mon t o  f ind  marked l a t e r a l  va r i a t i ons  o f  bed configuration and roughness 
i n  such streams, and t o  f ind those va r i a t i ons  associa ted with va r i a t i ons  
i n  depth as well. Therefore, the  extent  t o  which t he  laboratory r e s u l t s  
apply t o  t he  behavior o f  na tu r a l  s treams is problematical. 
I n  o rder  t o  explore t h e  inf luence o f  l a t e r a l  va r i a t i ons  i n  bed 
roughness, a s e r i e s  o f  flume experiments was undertaken, wherein the ef-  
f e c t  of a l a r g e  and sudden l a t e r a l  change i n  roughness could be studied.  
Large roughness elements were se lec ted  so  as t o  demonstrate c l e a r l y  any 
p e c u l i a r i t i e s  i n  t h i s  flow s i t ua t i on ,  A comparison s e r i e s  w a s  under- 
taken, t o  c a l i b r a t e  t he  roughness elements used; t he  r e s u l t s  of  t h i s  
s e r i e s  were a l s o  intended t o  serve  as a v e r i f i c a t i o n  o f  t he  Karman- 
Prand t l  equations f o r  rough, two-dimensional channel flow, i n  a  range o f  
high values  o f  r e l a t i v e  roughness, 
2, Flow over homogeneous roughness 
It is  appropr ia te  t o  review some of  the  re levant  expressions 
f o r  r e s i s t ance  t o  flow i n  c i r c u l a r  p ipes  and open channels. Since 
t h i s  c r e a t e s  t h e  need t o  d i s t ingu ish  among f r i c t i o n  f ac to r s  ca lcula ted 
f o r  a var'iety o f  s i t ua t i ons ,  the  following spec i a l  nota t ion w i l l  be 
established.  ' 
For calcula ted f r i c t i o n  f ac to r s ,  we def ine  
Symbol Description Defining Equation 
f Flow i n  smooth c i r c u l a r  pipes 
so  3 
f r o  Flow i n  rough c i r c u l a r  pipes 4 
f* Flow i n  smooth two-dimensional channels 5 
r 
Flow i n  rough two-dimensional channels 6 
Also, f o r  descr ib ing rectangular  channels of  f i n i t e  width, and 
f o r  typographical s impl ic i ty ,  we def ine  
. W Ratio of width, b, t o  depth,  d W a b/d 
E Relat ive  roughness E = 6 /4r, 
where 6 is  the  height  of  t he  boundary roughness elements. 
Other q u a n t i t i e s  w i l l  be defined a s  introduced; f o r  complete- 
neas and convenience a l l  symbols a r e  defined i n  t he  Summary of  Notation 
following the  t e x t  (see page 60). 
The Darcy Weisbach f r i c t i o n  f ac to r ,  f ,  is defined as 
where g is the  acce le ra t ion  of g r av i t y ,  r is the  hydraulic rad ius  o f  t h e  
pipe o r  channel, S i s  its energy g rad ien t ,  and u is the  mean velocity.  
In terms o f  t he  Reynolds number* wri t ten  
*The f ac to r  four  is usually included because t he  Reynolds number 
thus defined is more convenient f o r  use with pipe- fr ic t ion diagrams, the 
diameter o f  a c i r c u l a r  pipe being four hydraulic r a d i i .  While t h i s  con- 
vention i s  now general ly  accepted usage i n  American hydraulic l i t e r a t u r e ,  
i t  was not  ever thus: Johnson ( l o ) ,  f o r  example, i n  58 pages o f  t a b l e s  
summarizing s i g n i f i c a n t  bed-load experiments, uses r as the  cha r ac t e r i s t i c  
length. Furthermore, Schl icht ing (11) def ines  t he  hydraulic radius  as 
twice the  a r e a  divided by the  wetted perimeter ,  so  t h a t  the  hydraulic 
and geometric r a d i i  a r e  equal for c i r c u l a r  sect ions .  
3 being t h e  kinematic v i scos i ty  o f  t h e  f l u i d ,  t h e  Karman-Prandtl equa- 
t i o n s  f o r  r e s i s t a n c e  t o  turbulent  flow i n  a c i r c u l a r  pipe may be wr i t t en  
and 
where u, , t h e  shear  ve loc i ty ,  is given by u, = @. 
The form o f  these  equations a r i s e s  from t h e  assumption of a 
logarithmic ve loc i ty  d i s t r i b u t i o n ;  t h e  constants  a r e  empirical and d i f-  
f e r  but  s l i g h t l y  from those ca lcu la ted  on t h e  assumption t h a t  the  loga- 
ri thmic ve loc i ty  d i s t r i b u t i o n  holds throughout t h e  main body o f  t h e  flow. 
The l i m i t i n g  values  of  u,e /$ a r e  a l s o  empirical.  
I n  t h e  case  of  two-di!nensional open-channel flow, t h e r e  is no 
dependable experimental determination of  t h e  constants ,  so t h e  corre-  
sponding equations a r e  based on the  logarithmic ve loc i ty  d i s t r i b u t i o n  as- 
sumption without cor rec t ion ,  and a r e  customarily taken t o  be 
1 = 2.03 l o g  u*e (RC) - 0.47 (smooth channels, - < 3) ( 5 )  
S 3 
and 
1 -2.03 l o g  E + 0.91. 
U*E (rough channels, -3- 7 
Extension o f  the  Karman-Prandtl equations t o  sec t ions  which a r e  
n e i t h e r  c i r c u l a r  nor two-dimensional r e s t s  on t h e  work of  Keulegan (12) ,  
who concluded t h a t  f o r  a f i r s t  approximation, channels with equal hy- 
d r a u l i c  r a d i i  may be considered equivalent  as f a r  as flow r e l a t i o n s h i p s  
a r e  concerned. He found that f o r  more c a r e f u l  work, p a r t i c u l a r l y  i n  
t h e  case  o f  polygonal c r o s s  s e c t i o n s  depar t ing  widely from the  two- 
dimensional, i t  was necessary to introduce a shape factor ,  8 ,  i n t o  t h e  
equations corresponding t o  5 and 6 above. The e f f ec t  of t h i s  shape f ac to r  
on the  present work can be seen by using run 36 as an example (see  Fable 
2). I n  t h i s  run, t he  width/depth r a t i o  and r e l a t i v e  roughness were 
W = 2.32 and E t 0.103, For t h i s  value of W ,  inc lus ion of $ would in-  
crease  the  constant  0.91 i n  equation 6 t o  1.07; f o r  the  observed value 
of E t h i s  change corresponds t o  a reduction i n  f from 0.122 t o  0.109, 
For shallower runs (i,e., f o r  l a rge r  values of W) the  corresponding re-  
duction i n  f would be l ess .  
Powell (13,141 has reported some experiments i n  rectangular open 
channels, on t he  bas i s  of  which he takes i s sue  with KeuleganQs ana lys i s  
and conclusions. I n  t he  absence of anything d e f i n i t i v e  on t h e  question, 
and i n  view of t he  exploratory nature  of the  work reported herein ,  no 
attempt was made t o  include a shape-factor correct ion i n  the  subsequent 
analysis .  
I n  t h e  so-called " t rans i t ion  zone ,I1 i. e. , fo r  u, e / 3 between 
about 3 and 70, the  flow res i s tance  is dependent on both the  Reynolds 
number and t he  r e l a t i v e  roughness, and i n  p a r t i c u l a r  on the  form and 
d i s t r i bu t i on  o f  roughness elements. Several  empirical  curves ex i s t  for 
predic t ing t h e  f r i c t i o n  fac tor  i n  t he  t r a n s i t i o n  zone, t he  best  known 
of which a r e  those of  Colebrook (15) and of  Nikuradse (16). Colebrook's 
t r ans i t i on  is based on experiments with commercial pipes, i n  which the  
major res i s tance  t o  flow is caused by i r r e g u l a r i t i e s ,  a l l  of which tend 
t o  be widely spaced with respect  t o  t h e i r  s i z e ;  hence t h i s  t r ans i t i on  
curve may be spoken of  as applying t o  i so l a t ed  roughness elements, 
Nikuradse's r e s u l t s  were based on experiments with pipes com- 
ple te ly  l ined  with sand gra ins ,  and h i s  curve may be spoken of as applying 
-7- 
t o  close-packed granular  roughness elements. Colebrook and White (17) 
experimented with various combinations o f  i s o l a t e d  and close-packed 
granular  roughness elements and produced t r a n s i t i o n  curves ranging con- 
s i s t e n t l y  i n  character  between those of Nikuradse and of Colebrook. 
Since the  roughness elements i n  the  present  work were e s s e n t i a l l y  
of the  close-packed granular  type, the  Mikuradse t r a n s i t i o n  curve has 
been assumed. No opportunity arose  t o  ve r i f y  t h i s  assumption, however, 
s ince  i n  a l l  runs the  gravel-covered pa r t  o f  t he  bed acted f u l l y  rough 
i n  the  hydrodynamic sense. 
3.  Flow over boundaries o f  l a t e r a l l y  varying roughness 
I n  Section 1 above, i t  was s t a t e d  t h a t  most laboratory experi-  
ments on t he  res i s t ance  t o  flow i n  open channels havebeen conducted under 
c a r e fu l l y  two-dimensional condi t ions ,  but t h a t  these  experimental condi- 
t i o n s  f a i l  i n  important ways t o  r e f l e c t  c h a r a c t e r i s t i c s  o f  na tu r a l  
streams, i n  which l a t e r a l  va r i a t i on  i n  depth and roughness may be very 
pro no unc ed . 
Two examples of  t h i s  l a t e r a l  va r i a t i on  i n  small streams a r e  shown 
i n  Figure 1. The data  f o r  the  smaller  stream, Virgin River near St. 
George, Utah, were included i n  a memorandum repor t  (18) ,  and those f o r  
the  o ther ,  Gal is teo  Creek near Domingo, New Mexico, were furnished by 
t he  Albuquerque o f f i c e ,  U. S. Geological Survey. 
I n  both streams the re  is marked l a t e r a l  va r i a t i on  i n  depth, and 
i n  the  Virgin the  deeper p a r t s  of  the  c ro s s  sec t ion  were associa ted with 
a s o f t ,  dune-covered bed. The tendency f o r  dune-covered beds t o  be 
s o f t e r  than flat ones has been noticed before ,  e.g., by Simons (19). 
Thus, from comments regarding the  sof tness  o f  t he  sand bed i n  the  deep 
p a r t s  of  Gal is teo  Creek i t  would seem l i k e l y  t h a t  the re  were dunes i n  
t he  band from about 75 t o  85 f e e t  ( t r ansverse  dis tance) .  Although t he  

band of standing waves extending t o  the  l e f t  of s t a t i o n  70 seems incon- 
s i s t e n t  a t  f i r s t  glance, Kennedy (20) has observed standing waves over 
a dune-like bed. A t  any r a t e ,  i t  is c l e a r  t h a t  i n  both streams t he r e  is 
marked l a t e r a l  va r ia t ion  i n  flow condit ions.  
5. 
_ 
An example of similar var ia t ion  i n  a l a rge  r i v e r  is shown i n  
Figures 2 and 3. Figure 2 shows a c ross  sec t ion  o f  the Missouri River 
a t  Omaha, Nebraska, togsther  with a geqeral  map of the  river-bed t o w-  
*. 
graphy i n  t he  v i c i n i t y  of  the  sect ion.  From the  map and sec t ion  i t  is 
evident that t he  l e f t  s i d e  o f  t he  stream i a  s i gn i f i c an t l y  shallower and 
smoother than t he  r i g h t  half .  Figure 3 is a more de ta i l ed  topographic 
map of the  r i g h t  s i d e  o f  t he  r i v e r  jus t  above t h e  c ro s s  section.  Th$s 
map shows bed fea tu res  with amplitudes ranging from three  t o  f i v e  f e e t ,  
and while t h e i r  form is i r r egu l a r ,  t h e  contours suggest a succession o f  
dunes o r  bars,* The maps a r e  based on ca r e fu l l y  control led  soundings by 
t he  Missouri River D i s t r i c t ,  U, S. Army Corps o f  Engineers (211, whoee 
permission t o  use the  mater ia l  is appreciated. 
It w i l l  be noted t h a t  the  r e l a t i v e  d i f fe rence  i n  depth between 
the  two types o f  bed configuration is not much l e s s  than i n  t he  much 
smaller  streams shown i n  Fig. 1. It can be in fe r red  from o ther  r epo r t s  
t h a t  l a t e r a l  va r i a t i on  i n  both depth and roughness a r e  f a i r l y  common* 
Exner (22), f o r  example, reported observations on a sequence of l a rge  sand 
bars ,  evenly spaced and on a l t e r n a t e  s i d e s  o f  t he  channel, which were 
*Considering t he  d i f fe rence  i n  mapping techniques and i n  the  
r a t i o  of  contour i n t e r v a l  t o  dune amplitude, the  s im i l a r i t y  between 
Fig, 3 and Fig. 7 o f  Thompson (23) is q u i t e  s t r ik ing .  Thompson shows 
t h a t  precis ion photogrammetric techniques can be used i n  mapping bed 
conf igurat ions  produced i n  laboratory flumes, and h i s  Figure 7 is an 
example of a bed whose fea tu res  have an amplitude o f  about 0.07 f ee t ,  
shown i n  a map whose contour i n t e r v a l  is 0.01 f t .  
Figure 2. Bed Tapography, Bdissouri River near Omaha, Nebraska, 18 May 19% 
(Section R-+Lc3 lies spprcucimately at river mile 640.79 . After U. S. 
Army, Corps of Engineers (21) . 
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found i n  a several- kilometer length o f  the  River Mur. H i s  work and some 
o thers  of  i n t e r e s t  a r e  reported i n  Leliavsky (241, 
I n  t r y ing  t o  understand such flow s i t u a t i o n s  and t o  est imate t he  
res i s t ance  t o  flow which is encountered, the  question na tu ra l ly  a r i s e s  
as t o  the  extent  t o  which ex i s t i ng  flume da ta  a r e  applicable. Can the  
c ro s s  sec t ion  o f  a stream of t h i s  type be divided i n to  segments o f  con- 
s t a n t  depth and bed configuration,  t he  known r e s u l t s  f o r  laboratory models 
of  such segments be applied,  and a use fu l  composite r e s u l t  obtained? How 
should t h i s  composite be obtained, and how should i t  r e f l e c t  the  in terac-  
t i o n s  between adjacent  segments o f  t h e  o r i g i n a l  flow? The answers to  
these  questions a r e  not c l e a r ,  but i t  is q u i t e  c l e a r  t h a t  i f  workable 
combining r u l e s  can be found, t he  usefulness o f  laboratory r e s u l t s  f o r  
two-dimensional flow might be g rea t l y  extended, and the  present  gap be- 
tween laboratory and f i e l d  da ta  reduced mater ia l ly ,  Also, a s  a spec i a l  
case  t he  side-wall correct ion procedure widely used i n  t he  reduction o f  
flume da ta  (see ,  f o r  example, Johnson ( 2 5 ) ;  c f .  note,  p.5lb,.could be 
considered and its va l i d i t y  estimated. 
Experiments were undertaken t o  examine these questions and t o  
est imate t h e i r  s ignificance.  The laboratory work, exploratory i n  nature,  
was conducted i n  a t i l t i n g  flume 10,5 inches wide, with the  g rave l  cover- 
ing  e i t h e r  t h e  e n t i r e  bed, o r  the  r i gh t  o r  l e f t  hal f .  Since va r i a t i ons  
i n  depth would have complicated the  problem unduly at  the present s tage ,  
wood i n s e r t s  were used f o r  the  smooth ha l f  of  t he  bed t o  r a i s e  it to t he  
same mean l e v e l  as the  gravel  bed. The r e s u l t s  of  those experiments form 
the  b a s i s  f o r  t h i s  study. 
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1 EXPERIMENTAL PROCEDURE AND RESULTS 
1, Statement of  problem 
I n  t he  i n t e r e s t s  of  s impl ic i ty  only two bed arrangements were 
considered. I n  the  f i r s t ,  r e fe r red  t o  a s  t h e  " sp l i t"  bed, t he  channel 
bed was hydrodynamically rough on one s i d e  o f  t h e  cen te r l ine  and hydro- 
dynamically smooth on t he  other.  I n  the  o ther ,  r e fe r red  t o  a s  the  l ' fu l l l t  
bed, the  bed was hydrodynamically rough over its e n t i r e  width. The 
c ro s s  sec t ion  w a s  rec tangular ,  and the  walls were hydrodynamically 
smooth. A l l  t h e  va r iab les  considered s i gn i f i c an t  f o r  the purpose of 
t h i s  inves t iga t ion  a r e  l i s t e d  below, although f o r  a more ca r e fu l  s tudy 
o thers  might be added; Figure 4 is a t yp i ca l  c ro s s  sect ion and a dimen- 
sion sketch. 
Figure 4 
Variables descr ib ing channel geometry o r  f l u i d  propert ies:  
Symbo 1 Description Dimensions 
b width o f  channel L 
b width o f  rough pa r t  of  channel 
g 
e some measure of roughness height  
(mean gra in  diameter, say) 
3 kinematic v i scos i ty  o f  f l u i d  
S density of f l u i d  
g acce le ra t ion  of gravi ty  
Variables per ta in ing p r inc ipa l ly  t o  t he  flow: 
f l u id  discharge 
mean veloci ty  of flow 
d depth of flow 
S energy s lope . - 
f Darcy-Weisbach f r i c t i o n  f a c t o r  - 
Of these  eleven var iab les ,  the  f i r s t  s i x  may be considered as 
spec i f i ed  f o r  any stream o r  group of laboratory runs. O f  the  remainder, 
only two may be considered as independent va r iab les ,  and the  o ther  th ree  
must the re fore  be considered dependent. For example, i n  t he  t yp i ca l  
t i l t i n g  flume experiment Q and d would be known, with u ,  S, and f t o  be  
determined. I n  a f i e l d  problem, S and Q might be known, three  quan t i t i e s  
again remaining t o  be determined. Considering eleven var iab les ,  o f  which 
e igh t  a r e  known, th ree  equations a r e  needed. Of these  th ree ,  two a r e  
known, namely t he  cont inui ty  equation, 
Q = bud, 
and the  Darcy-Weisbach equation, 
The l a t t e r  may be considered a de f i n i t i on  of f ,  i n  which r ,  the  hydraulic 
rad ius ,  is simply an abbreviat ion f o r  bd/(b + 2d). The t h i r d  equation is 
an as ye t  unknown flow res i s tance ,  o r  roughness, r e la t ion .  
S i n c e  Q and S a r e  given by eq. 7 and 8,  only the  o ther  n ine  var i-  
ab l e s  need be considered i n  formulating t he  roughness re la t ion .  They 
may be combined i n t o  the  following s i x  convenient, independent, dimen- 
s ion l e s s  groups: 
F a  dm Froude No. 
R = hru/v Reynolds No. 
9 = b d ( b  + 2d) Roughness d i s t r i b u t i o n  r a t i o  
Fr i c t i on  Factor 
Rela t ive  Roughness 
Width-Depth Ratio 
O f  these  F is unimportant so  long as there  a r e  no wave e f f ec t s ,  
Thus, f o r  the  present study the  problem cons i s t s  of  f inding t h e  
form of  the  function cp i n  
I n  the  s i m ~ l e  case  o f  flow i n  a pipe t he  parameters 8 and W do not  ap- 
pear i n  the  roughness r e l a t i on ,  
It should be kept i n  mind t h a t  t he  foregoing ana lys i s  presumes 
no movement of the  bed material ,  I f  the re  i s  sediment movement, an addi- 
t i o n a l  va r i ab l e  must be included t o  r e f l e c t  t he  r a t e  o f  sediment t rans-  
port.  There w i l l  a l s o  be var iab les  descr ib ing the  sediment i t s e l f  (e.g., 
its dens i ty ) ,  which may be considered spec i f i ed ,  but  the  r a t e  of t rans-  
por t  w i l l  be a var iab le  whose inclus ion w i l l  make an add i t i ona l  func t iona l  
r e l a t i o n  necessary f o r  t he  complete so lu t ion  o f  t he  problem. Furthermore, 
t h e  flow res i s tance  and the  t ranspor t  r a t e  may be interdependent t o  t h e  
extent  t h a t  i t  would be useless  t o  consider one without the  other .  For 
example, the  appearance o f  r i pp l e s  o r  dunes on a previously f l a t  sand 
bed cannot occur without some t ranspor t ;  however, t he  appearance of such 
fea tu res  s i gn i f i c an t l y  a l t e r s  both t he  flow r e s i s t ance  and the  t ranspor t  
r a t e ,  which i n  t u rn  inf luence the  fu r t he r  development of the  bed forms. 
2, Objectives 
The ob jec t ives  of  the  experiments were f i r s t  t o  determine how f 
va r i e s  with 8, t h e  roughness d i s t r i bu t i on  r a t i o ,  and second t o  study t he  
flow s t ruc tu r e  as revealed by de ta i l ed  veloci ty  prof i les .  
The pr inc ipa l  observations made were (1) those necessary t o  t h e  
determination of  ove ra l l  f r ic ' t ion f ac to r s  f o r  runs of  both bed types 
over a range o f  depths and discharges;  and (2) de ta i l ed  veloci ty  t ra-  
verses necessary t o  determine t he  d i s t r i bu t i on  o f  flow i n  the  channel, 
t he  exis tence of  secondary cur ren t s ,  and t he  extent  t o  which t he  assump- 
t ions  of t he  standard side-wall correct ion procedure were r e a l i s t i c  i n  
t h i s  de l ibera te ly  extreme s i tua t ion .  The r e s u l t s  of  these observations 
a r e  presented i n  Section 5 and some implications a r e  discussed i n  sub- 
sequent chapters. 
3. Laboratory procedure 
The laboratory work was done i n  t he  I n s t i t u t e ' s  10.5-inch, tilt- 
ing,  r ec i r cu l a t i ng  flume (see Figure 5). This flume is 40 f t  long, and 
has been r a the r  completely described elsewhere, as have the  standard 
experimental techniques used i n  conjunction with it; see,  f o r  example, 
Vanoni and Brooks (261, Brooks (27), o r  Kennedy (20). Suf f ice  it to  say 
here t h a t  t he  flume and a l l  appurtenant piping a r e  mounted on a t r u s s  
supported a t  two points ,  one a fixed pivot and t he  o ther  a pa i r  o f  jacks; ' 
t he  flow is measured by a ventur i  meter (6 x 4% i n )  i n  the  6-inch re tu rn  
l i n e ;  and water surface  and o ther  de t a i l ed  observations a r e  made with 
respect  t o  rails fixed p a r a l l e l  t o  t he  flume, with the  flume s lope made 
nearly equal t o  t h e  energy slope fo r  t he  flow. 
The bed consisted of  painted marine plywood fo r  t he  smooth ha l f  
of  the  bottom, and nominal one-inch f i l t e r  gravel  f o r  t he  rough ha l f ,  
and is i l l u s t r a t e d  i n  Figure 6. This gravel  was the  364- t o  1%-inch 
f r ac t i on  o f  pit- run gravel  from a p i t  located i n  t he  a l l u v i a l  fan of t he  
San Gabriel  River, and t h e  s tones  were near ly  a l l  sub-rounded t o  rounded, 
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SECTION A - A 
Figure 5. Schematic diagram of the flume 
Figure  6. A t y p i c a l  " s p l i t "  bed. The bed 
has been omi t ted  i n  t h e  foreground t o  show 
d e t a i l s  o f  shimming and bracing,  
ground g r i d  i s  d iv ided  i n  t e n t h s  o f  inches.  
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although they tended t o  be f l a t t ened  t o  t he  extent  t h a t  the  r a t i o s  between 
p r i nc ipa l  diameters were estimated t o  be 1:2:4 i n  many cases. A random 
specimen of t h i s  gravel  is i l l u s t r a t e d  i n  Figure 7. 
These roughness elements were individual ly  hand-placed at  f i r s t  
( i ,e . ,  f o r  runs 1 - 19.21, i n  order t h a t  a s i n g l e  l ayer  should present  a 
v i sua l ly  uniform character ,  but the  subsequent experiments showed t h a t  
hand placing d id  not  a l t e r  the  r e s u l t s  enough t o  j u s t i f y  the  e f fo r t .  
(This conclusian was based on consistency shown between runs 21 - 23 and 
1 - 9, and w a s  depended upon t he r ea f t e r  i n  runs 30 -36.) Bed configura- 
t i o n s  used were 1 )  rough completely ac ross  t he  sec t ion ,  and 2 )  one hal f  
( t he  r i g h t  s i d e  i n  most runs) rough, t h e  o ther  smooth. I n  the  l a t t e r ,  o r  
s p l i t  bed case ,  an  e f f o r t  was made t o  make t h e  e f f ec t i ve  depth of flow 
t h e  same on both halves;  however, f o r  flow over roughness elements which 
may be as l a rge  as ha l f  t he  unobstructed depth a precise  de f i n i t i on  o f  
depth is not straightforward.  
4. Locating the  bottom f o r  the  rough bed 
I n  observing flow over a bed of f i n e  sand, the  depth o f  flow is 
o rd ina r i l y  very l a rge  compared t o  the  g r a in  diameter, and i t  is unneces- 
sary  t o  consider flow around and between t he  topmost l ayer  of grains.  
Furthermore, a v i s u a l  averaging of t he  sur face  gives  a s u f f i c i e n t l y  pre- 
c i s e  d e f i n i t i o n  of "the surface  of the  bed". I n  the  present  work, how- 
ever,  one g ra in  diameter corresponds t o  a s u b s t a n t i a l  f r a c t i on  of the  
t o t a l  depth, and "the surface  o f  the  bed" is not a sharply defined loca-  
t ion.  Hence i t  must be defined a rb i t r a r i l y . *  
*The s i z e  of  t he  roughness elements r e l a t i v e  t o  t ha t  o f  t h e  en- 
t i r e  c ro s s  sec t ion  may be seen i n  Figures 6, 12, and 13. 
One approach would be t o  assume a semi-logarithmic veloci ty  d i s-  
t r i bu t i on  a n d ' s e l e c t  t h a t  locat ion which makes the  s t r a i g h t e s t  p lo t  of  
ve loc i ty  vs. log  (wall  distance).  This i s  ne i t he r  precise nor productive 
of cons i s ten t  r e s u l t s ,  because the  g ra ins  a r e  l a rge  enough t h a t  t h e  ef-  
f e c t s  of  individual  lee- side eddies d i s t o r t  t he  p r o f i l e  local ly .  For a 
bed of close-packed hemispheres, Eins te in  and E l  Samni (28) - found t h a t  
the  logarithmic veloci ty  d i s t r i bu t i on  law is followed i f  d is tances  a r e  
measured from a hypothet ica l  w a l l  0.2 g ra in  diameter down from t h e  tops 
of the  hemispheres, o r  a t  y/r,= 0.6. The f igure  should be d i f f e r en t  for  
o ther  shapes and a r rays  o f  roughness elements, although they found fur-  
the r ,  i n  experimenting on gravel ,  t h a t  t h e  same r e s u l t  could be used pro- 
vided the  65%-finer g ra in  s i z e  is used a s  the  e f f ec t i ve  diameter of  t h e  
material .  
I n  applying t h e i r  r e s u l t s  t o  hemispheres, i t  may be noted t h a t  
t he  hypothet ica l  w a l l  i s  very nearly t h a t  plane a t  which the volume o f  
those por t ions  of  hemispheres above the  plane equals the  volume o f  i n t e r-  
s t i c e s  between i t  and t h e  equa tor ia l  plane. The plane t ha t  equates t he se  
volumes l i e s  a t  y/r, = n / 3  0 = 0.604. This is not immediately use fu l  
f o r  gravel ,  however, because a uniquely defined equa tor ia l  plane does 
not  ex i s t .  More use fu l  is the  f a c t  t h a t  t h i s  loca t ion  of the  hypotheti- 
c a l  plane i s  about the  same as t h a t  of  a plane ha l f  of  whose a r ea  lies 
within t he  spheres. This plane l i e s  a t  y/%= = 0.670. 
This l a t t e r  c r i t e r i o n ,  approximate as i t  is,  lends i t s e l f  to  
use with a bed o f  non-spherical g ra ins ,  and produced about the  same re-  
s u l t s  as did  the  method of  s t ra igh ten ing  ou t  t he  veloci ty  p rof i l e .  Fur- 
thermore, s i nce  i t  does not  involve t he  measurement o f  veloci ty  p r o f i l e s ,  
i t  can be c a r r i e d  out  more ea s i l y  and accurate ly ,  and a rough v i sua l  
check is avai lable .  The procedure is a s  follows, Known volumes of water 
a r e  added t o  t he  ca re fu l ly  l eve l l ed  flume t o  cover the  depth range from 
zero t o  complete submergence of the  s tones ,  and a f t e r  each addi t ion,  ele-  
vat ions  a r e  observed a t  severa l  points  along the  flume. P lo t t i ng  the  
averages of  these  e levat ions  aga ins t  t he  t o t a l  water added r e s u l t s  i n  a 
stage- capacity curve. Then the  des i red e levat ion can be read from the  
curve, remembering t h a t  dQ/dy = A(y) where A(y) is the  a r ea  o f  su r face  
which is ac tua l l y  water. This process was followed a t  l e a s t  once f o r  
each bed and before the  ve loc i ty  d i s t r i b u t i o n  measurements made i n  runs  
22 and 23. The bed e levat ion f o r  run 36 was found by loca t ing  t h e  l e v e l  
required t o  s t r a i gh t en  ou t  the  ve loc i ty  curves on a semilogarithmic graph, 
5. Summary of r e s u l t s  
Twenty-nine f r i c t i o n  f ac to r  determinations were made, and i n  
th ree  o f  these  determinations, de ta i l ed  ve loc i ty  surveys were a l s o  made. 
The r e s u l t s  of the  f r i c t i o n  fac to r  determinations a r e  presented i n  
Table 1 and the  r e s u l t s  o f  the  ve loc i ty  surveys a r e  given i n  Table 2. 
I n  t he  f i r s t  group (run numbers below 10) t h e  bed consisted o f  a s ing le  
l aye r  of  g rave l  l a i d  over one ha l f  and painted j/4-inch plywood l a i d  
over t he  o the r  ha l f  (i .e,  , a "spli t t fbed).  The gravel  was placed to  
present  a v i sua l l y  uniform arrangement. Hand placement was at  f i r s t  con- 
sidered necessary because o f  the  r e l a t i v e l y  l a rge  number of f l a t  s tones,  
which tended t o  l i e  f l a t  and thereby produce a r ea s  both lower and smoother 
than the  a r e a s  occupied by smaller,more nearly spher ica l  stones, The 
same procedure was followed i n  placing t he  bed f o r  the  second group of 
runs, numbered 11 through l9.2, except t h a t  here t he  bed was gravel  f o r  
' the  f u l l  width. For the  t h i r d  group, runs 21 - 23, t h e  bed was again  
s p l i t ,  but t h i s  time about twice t he  depth o f  rock w a s  used. It was 
dumped i n  and generally l eve l l ed ,  the  occasional  rock which protruded 
being moved o r  replaced. The boards were shimmed up t o  the  elevation o f  
t he  hypothet ica l  bed plane (see Section 4, above). I n  the  l a s t  group, 
runs 30 - 36, the  gravel  was again only general ly  l eve l l ed ,  and extended 
over t he  e n t i r e  width. Detailed ve loc i ty  surveys were made i n  runs 22, 
23, and 36, a t  s t a t i o n s  which appeared t o  be f r e e  of  l o c a l  flow asym- 
metries,  
The coordinate system used i n  recording da ta  is indicated on each 
veloci ty  d i s t r i bu t i on  graph. Elevations were measured from the  flume 
bottom p l a t e ,  and t ransverse  d i s tances  were measured from an o r i g i n  
nearly a t  t he  cen te r  l i ne .  Pos i t ive  dis tances  were toward the  r i gh t  
when looking downstream, and i n  the  s p l i t  beds t h e  rock was on the  r i g h t  




SUMMARY OF DATA FRICTION FACTOR DETERMINATIONS 
Depth Mean Slope Tempera- Friction Factor 
Velocitv ture Overall Bed 
Group I: Split bed, one stone thick 
.444 .955 .64 19.8 .0396 
.440 2.01 2. 35 20. 6 .0321 
.422 3.33 6.70 21.3 .0334 
.33 1 3. 16 8. 28 22. 0 .0402 
.330 2.08 3.74 22.2 .0418 
.221 2.70 9.33 21.9 .0484 
.216 1. 38 2. 65 22.2 .0514 













Bed entirely rough, one stone thick 
2.61 6. 13 21.3 .0511 
2. 11 3.99 22.1 .0509 
.997 .96 22.8 .0553 
2.94 14. 59 22.6 .0785 
1.96 6.24 22.4 .0762 
.979 1. 59 22.2 .0786 
1.092 6. 36 21. 8 . 1508 
2.04 18. 15 21.4 . 1279 
2.77 32.21 20.9 . 1238 
3. 52 32.65 20.9 . 0960 
3.82 32.42 20.9 .0933 
Group 111: Split bed, several stones thick 
.316 2. 12 4. 15 23. 2 .0435 
.297 3. 04 10.0 23. 3 .0493 









Bed entirely rough, several stones thick 
2. 00 19. 3 23. 6 . 1230 
2. 08 13. 8 23. 0 . 1043 
2. 27 12.4 22.9 .0911 
2.45 11. 1 24. 4 .0767 
2. 55 10.4 23. 7 .0725 
2. 61 9.29 23. 5 .0665 




































E = E /4r 
Table 2 
SUMMARY OF DATA: VELOCITY DISTRIBUTIONS 
Runs 22 and 23 
RUN 22, STATION 24, (Cf. Figure 11) 
Elevation 
f t  
Transverse Station, feet 
Velocities in feet pe r  second 
(Left side, smooth) (Right side, rough) 
RUN 23, STATION 27.5 (Cf. figure 12) 
Transverse Station, feet 
-.400 -.200 -. 100 -. 050 0 t.050 t.200 t.400 
Velocities in  feet per  second 
Elevation (Left side, smooth) (Right side, rough) 
f t  
Table 2 (continued) 
SUMMARY OF DATA: VELOCITY DISTRIBUTIONS 
RUN 36, STATION 8 





Transverse station, feet 
Left side 
-. 416 -. 300 
Right side 




















3. 32 2. 87 
3.21 2.88 
3.01 
3. 16 3.09 
3.11 
2. 87 3.11 
2. 95 




(Rt. wall at .429 ft) 
Left side 
0 3.31 2. 88 
-. 10 3.22 2.99 
-. 15 3. 10 
-. 20 3.02 3. 15 
-. 25 3.23 
-. 30 2. 80 3.23 
-. 34 - 3.11 
-. 38 2.58 2.90 
-. 40 2.74 
-. 41 2. 42 2. 63 
-. 42 2. 35 2.49 
-. 428 2.23 2. 33 
-.435 2. 14 
-.436 - 2. 18 
-.438 - 
-.440 - 
(Left wall a t  -. 446 ft) 
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111. DISCUSSICN OF RESULTS: FRICTICN FACE2 DETERMINATIONS 
1. General observations 
The values of ove ra l l  f r i c t i o n  factors -f rom Table 1 a r e  p lo t t ed  
i n  Fig. 8 on an extrapolated Nikuradse pipe- fr ic t ion diagram, i n  order  
t o  give a c l ea r e r  idea of the  range of Reynolds numbers and f r i c t i o n  
f ac to r s  represented by the  data. The roughness height ,  E , w a s  taken 
a s  1 inch f o r  
t h a t  a l l  da ta  
s idered f u l l y  
a l l  bed configurations.  It w i l l  be noted from t h i s  f igure  
l i e  i n  o r  very near the  range f o r  which t he  flow is con- 
rough. Thus the Reynolds number e f f ec t  is  minor. A s  ex- 
pected, the f r i c t i o n  f ac to r s  were lower i n  the  s p l i t  bed runs than i n  
the  rough bed runs. The observed over- al l  f r i c t i o n  f ac to r s  f o r  flows 
over rough and s p l i t  beds w i l l  be denoted f and f respectively.  R S ' 
I n  Figure 9 the  Reynolds number e f f e c t  i s  neglected,  the  p lo t  
being simply one of f r i c t i o n  fac to r  vs. r e l a t i v e  roughness. I n  add i t ion  
two s e t s  of  curves a r e  shown as generally l im i t i ng  cases. The f i r s t  of 
these  is based on the  Karman Prandt l  equation f o r  turbulent  flow i n  a 
f u l l y  rough two-dimensional channel (equation 61, and the second s e t  i s  
f o r  flow i n  smooth two-dimensional channels (equation 5), at Reynolds 
numbers of  40,000, 100,000, and 230,000, which cover the  range of values 
observed i n  the  present  invest igat ion.  Here, the  points  f o r  the s p l i t  
beds f a l l  q u i t e  n icely  between those l im i t i ng  cases ,  and tend regular ly  
away from the  smooth l imi t ing  curves a s  the  r e l a t i v e  roughness increases.  
k constant value o f  E was assumed s ince  the  same roughness elements were 
used f o r  a l l  runs;  hence, increas ing t he  r e l a t i v e  roughness means de- 
creas ing t he  depth and therefore  increas ing 8, the  f rac t ion  of t he  per i-  
meter which was rough. Thus the  upward d r i f t  away from the  smooth curves 
.O/ I 6 
figure 8, Experiment 

is i n t u i t i v e l y  reasonable. 
The po in t s  f o r  the  rough bed runs f a l l  along a l i n e  approximately 
p a r a l l e l  t o  t h a t  of equation 6,  although below i t  by a dis tance  
A f  P 0.06. While t h i s  d i f ference is about constant ,  i t  represents  a 
decreasing proportion o f  the  observed f r i c t i o n  f ac to r  as t he  r e l a t i v e  
roughness increases ,  o r ,  perhaps more s i gn i f i c an t l y ,  a s  the hydraulic 
rad ius  (and the re fore  t he  smooth port ion o f  t he  perimeter, 1 - 8 )  de- 
creases.  
I f  t he  customary side-wall cor rec t ion  procedure is applied t o  the  
f R  values ,  as out l ined i n  Chapter V ,  Section 2, the  agreement between 
them and equation 6 is very much improved, as shown i n  Figure 10. Ob- 
served devia t ions  may be a t t r i b u t a b l e  t o  severa l  th ings ,  including the  
extrapola t ion o f  the  Karman-Prandtl equation, the  doubtful  assumptions 
i n  t he  side-wall cor rec t ion  procedure, the  very l a rge  values o f  t h e  re la-  
t i v e  roughness (Nikuradse's l a rge s t  value was 0,0361, and uncertainty as 
t o  the  loca t ion  of the  "effect ivev bed, as discussed above. Considering 
t he  many uncer ta in t i es  involved, the  agreement is considered very good. 
2. Oomparison with ex i s t i ng  equations 
I n  order  t o  examine t he  s ign i f i cance  of t he  f r i c t i o n  f a c t o r  de- 
terminations,  at tempts were made t o  synthes ize  correspanding values  from 
equations 5 and 6 .  It is believed t h a t  a comparison of the  observed and 
calcula ted ( in te rpo la ted)  values o f f e r s  an assessment o f  the  i n t e r n a l  
consistency o f  the  experimental data  and may suggest procedures t o  be 
followed when a f i e l d  problem requ i res  an es t imate  o f  t h e  f r i c t i o n  fac to r  
i n  a channel o f  l a t e r a l l y  varying roughness. (The question of f i e l d  
procedures is discussed fu r t he r  i n  Chapter V.) 
Two comparison methods were t r i e d .  
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Under Method A ,  i t  was assumed t h a t  t he  f r i c t i o n  fac to r  f o r  t h e  
flows over the  s p l i t  bed should be a weighted average between (1) t h e  
f r i c t i o n  f ac to r  f o r  flow over a f u l l y  rough bed ( f o r  t he  same depth) ,  fR ,  
and ( 2 )  t h a t  f o r  flow over a completely smooth bed, fS, as estimated by 
equation 5 ( f o r  t he  same hydraulic radius) .  It w a s  fu r the r  assumed t h a t  
t he  weighting should be i n  proportion t o  t he  rough and smooth a r e a s  of  
bed. Thus t h e  in te rpo la t ion  is between t h e  f r i c t i o n  fac to r  f o r  a channel 
with smooth wal ls  and rough bed and one f o r  a channel with smooth walls 
and smooth bed. I f  t h i s  in te rpo la ted  value is denoted fA, then 
The r e s u l t s  of  in te rpo la t ion  under Method A a r e  given i n  Table 3 
and a r e  q u i t e  c l o se  t o  t he  observed values. This c lose  agreement demon- 
s t r a t e s  t he  i n t e r n a l  consistency of the  da ta ,  i f  Keulegan's assumption is 
accepted. The method could be used i n  p red ic t ing  f r i c t i o n  fac to rs ,  if fR 
were estimated by ca lcu la t ing  the  f  f o r  t h e  bed roughness at hand, and 
using Johnson's side-wall correct ion procedure i n  reverse ,  t o  add i n  
side-wall e f f e c t s  and thus  t o  ob ta in  a f r i c t i o n  f ac to r  f o r  a rectangular  
channel with smooth walls and the  des i red bed roughness. 
I n  Method B t he  attempt was made t o  synthesize f r i c t i o n  f ac to r s  
f o r  runs with both t he  f u l l  rough bed and the  s p l i t  bed, by combining the  
f r i c t i o n  f a c t o r s  given by equations 5 and 6 i n  t h e  same proportion i n  
which the  t o t a l  perimeter w a s  composed of  rough o r  smooth port ions.  That 
is, s ince  8 is the  r a t i o  o f  t he  width of rock bed t o  the  t o t a l  perimeter, 
the  in te rpo la ted  f r i c t i o n  f ac to r  by Method B, denoted by fg ,  is given by 
f~ 
= Bfr + (1 - B)fs. (12) 
The r e s u l t s  of t h i s  scheme of  i n t e rpo l a t i on  a r e  given i n  Table 4 
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Table 3. F ~ i c t i o n  fac tors  calculated by Method A. 
F r i c t i o n  f a c t o r s  
Run 
No. Observed f o r  Calculated Calculated Observed 5 
rough beds* (eq. 5) (eq- 11) fs 










.043 1 .0493 
.0709 ,0678 
Mean: 
Mean of deviations f r o m  unity: 
:: Taken f r o m  line in figure 9, equation for  which is f = 0.83E - 0. 025 R 
Table 4. Fr ic t ion  fac tors  calculated by Method B. 
F r i c t i o n  F a c t o r s  
Run 
No. 1 - 8  Calculated Calculated Calculated Observed 
(es .  6 )  (es. 5) (eq* 12) B 
f f f~ f o r  fS 
r s R f~ f~ 
Split beds 
Ful l  rough beds 
Mean: 
Mean of deviations f r o m  unity: 
Mean: 
Mean of deviations f r o m  unity: 
from which it w i l l  be noted t h a t  t he  mean of  the  r a t i o  of fg t o  
t he  observed f r i c t i o n  fac tor  is 1.101 f o r  a l l  29 runs,  being higher 
f o r  the  spli t- bed runs than ' f o r  t h e  f u l l  bed runs. Thus Method B 
produces r e s u l t s  i n  g rea te r  disagreement with t h e  observed ones 
than do t h e  o ther  schemes. This i nd i ca t e s  t h a t  the  e f f ec t  of the  
smooth s i d e  walls does not go as the  proportion they bear t o  t h e  
t o t a l  wetted perimeters; comparison with t he  r e s u l t s  of  Method A 
show tha t  t h i s  e f f e c t  seems t o  go more near ly  with the  d i s t r i bu t i on  
of  roughness on t h e  bed only ,  r a the r  than on the  e n t i r e  perimeter. 
Both methods r e l y  on equation 5,  which is r e l a t i v e l y  well estab-  
l i shed ,  but  Method B r e l i e s  a l s o  on equation 6 .  While t h i s  reli- 
ance on equation 6 requires  using i t  i n  t he  range o f  very l a rge  
values of  r e l a t i v e  roughness, t h i s  seems t o  be j u s t i f i e d  by t h e  
agreement noted above (Cf. Figure 10) between i t  and the  experi-  
mental r e s u l t s  f o r  t he  f u l l  bed runs,  i f  the  side-wall correct ion 
method of  Johnson is appl ied t o  t he  l a t t e r .  
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I V ,  DISCUSSION OF RESULTS: VEXLICITY DISTRIBUTIONS 
1, General observations 
The ve loc i ty  d i s t r i bu t i ons  i n  runs 22, 23, and 36 (Table 2)  a r e  
p lo t t ed  i n  Figures 11, 12, and 13, respect ively ,  It is apparent i n  a l l  
th ree  f igures  t h a t  the  thread of maximum downstream veloci ty  is located 
s i gn i f i c an t l y  below the  surface. Also, i n  run 36 t he  displacement of  
equal-velocity curves ( i sotachs)  toward the  corners  is very pronounced. 
There could be a s imi la r  such displacement i n  t h e  o the r  runs, but the  
ve loc i ty  t r averses  a r e  not  well enough spaced t o  show whether t h i s  oc- 
curred o r  not. These fea tu res  a r e  thought t o  be t he  r e s u l t  o f  a pro- 
nounced system of secondary c i r cu l a t i on ,  and w i l l  be discussed fu r t he r  i n  
t he  next sect ion,  
I n  runs  22 and 23, the  e f f e c t  o f  t he  s p l i t  bed i n  the  ve loc i ty  
d i s t r i b u t i o n  is qua l i t a t i ve ly  what one would expect. The mean veloci ty  
o f  t he  flow over t h e  smooth bed i s  q u i t e  a b i t  higher than t h a t  over the  
rough bed, and the  shallower the  flow is, the  more nearly is t h e  core  of 
high ve loc i ty  centered over the  smooth bed, Also, the  f a c t  t h a t  the  
i so tachs  a r e  f a i r l y  s teeply  sloping i n  t he  region above the  break i n  bed 
roughness confirms what would be suspected i n t u i t i v e l y ,  t ha t  t he r e  is 
considerable longi tudinal  shear on the  v e r t i c a l  plane between the  smooth 
and rough halves o f  t he  channel. It is not so obvious, however, why the  
maximum ve loc i t y  i n  a given v e r t i c a l  sec t ion  should be f a r t he r  below the  
sur face  over t h e  smooth s i d e  of the  bed than i t  is over the  rough s ide ,  
A s  w i l l  be discussed i n  t he  next sec t ion ,  t h i s  i s  cons i s ten t  with 
P r and t l l s  "secondary c i r cu l a t i on  of the  second kindf1, 
2. Evidence o f  secondary c i r cu l a t i on  
Prand t l  ( 2 9 ) ,  i n  discussing the  ve loc i ty  d i s t r i bu t i ons  obtained 


Figure 13, Velocity disMbut;ion, run 36, statim 8.0. Velocities in feet per second, scale, 1 inch in 
figure equals 0.1 foot in $&me, Zone boundariee for IbcLgNy method indicated -----. Looking 
dinmetream. 
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by Nikuradse (30) i n  experiments with turbulent  flow i n  s t r a i g h t  channels 
o f  non-circular c r o s s  sect ion,  took note o f  two cha rac t e r i s t i c s  of those 
d i s t r i bu t i ons  which a r e  a l s o  present  i n  the  r e s u l t s  o f  run 36 of  t he  
present  study. They a r e  the  displacement of i so tachs  toward corners  of 
t he  c ross  sec t ion ,  and t he  occurrence of the  thread o f  maximum ve loc i ty ,  
i n  open channel flows, a t  a point below the  f r e e  surface. Prandt18s ex- 
planation is t h a t  somehow there  is a pa t t e rn  o f  secondary c i r cu l a t i on  
("of t he  second kindv, s ince  the  more ea s i l y  explained secondary flows 
a r i s i n g  from bends i n  t h e  channel had already been discussed) which pro- 
ceeds from zones Of high veloci ty  outward toward t he  corners,  somewhat i n  
the  manner indicated i n  Figure 14. This flow, it is argued, tends t o  
Figure 14. An example o f  secondary c i r cu l a t i on  of the  second 
kind. After  Prand t l  (29) and Nikuradse (30). 
car ry  fast-moving water i n t o  the  a r ea s  near t he  corners ,  and t o  bring 
slow-moving water out  toward t he  cen te r  from a neighboring sect ion of 
t h e  perimeter. The uppermost c e l l s  o f  t h i s  c i r cu l a t i on  woulu tend t o  
b r ing  slower-moving water i n  from the  wal ls  toward t he  cen te r ,  and thus 
t o  reduce t he  ve loc i ty  a t  the  cen te r  o f  t he  f r e e  surface  t o  a value 
s l i g h t l y  l e s s  than t h a t  a t  points  j u s t  below. 
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Very few laboratory s tud ies  o f  t h i s  type of flow have been re-  
ported,  Nikuradse's paper still  being the  p r inc ipa l  reference. Two 
theo re t i c a l  s t ud i e s  a r e  o f  i n t e r e s t ,  however, those of Howarth (31 )  and 
Einste in  and Li ( 3 2 ) .  Howarth deduced t he  condit ion f o r  existence of 
t h i s  type of flow i n  pipes from the  modified v o r t i c i t y  t r an s f e r  model 
f o r  turbulent  flow, using Goldstein 's  assumed form f o r  the  mixture length 
tensor. He concluded t h a t  "secondary motion a r i s e s  i f  the mixture length 
is not constant  on the  curves along which 1 grad ~1 is  constant ,  Ti being 
t he  mean ve loc i ty  p a r a l l e l  t o  the  pipe axis .  Eins te in  and Li proceed 
from the  Navier-Stokes equations as appl ied  t o  uniform flow, and wr i t e  
an expression fo r  t he  time der iva t ive  of t he  downstream component of  
v o r t i c i t y ,  This expression is i n  terms of  those Reynolds s t r e s s e s  which 
do not  contain downstream ve loc i ty  f luctuat ions ,  They argue t h a t  the  
vanishing o f  t h i s  expression is equivalent t o  t h e  absence of a spontaneous 
occurrence o f  secondary flow. Acknowledging t h a t  t h i s  is a r a the r  weak 
approach t o  t h e  problem, they then consider condit ions under which t h e i r  
function is non-vanishing. Among o ther  th ings ,  they conclude t ha t  
"secondary flows do not develop spontaneously i n  a laminar, s t r a i g h t ,  
uniform flow. I n  turbulent  flows secondary cu r r en t s  . . . may be expected 
t o  occur pa r t i cu l a r l y  near the  f r i c t i o n a l  boundary where t he  l i n e s  of  
constant  ve loc i ty  a r e  not  paral lel ."  
I n  specula t ing about t he  pa t t e rn  of secondary c i r cu l a t i on ,  one 
is l ed  t o  t h e  considerat ion of individual  he l i c e s ,  o r  c e l l s  of  c i rcu la-  
t i o n  of a pa r t i cu l a r  sense (i.e.,  clockwise, o r  counterclockwise), These 
c e l l s  correspond t o  a r ea s  of the  c ross  sec t ion  throughout which t he  
v o r t i c i t y  does not  change s ign ,  and a r e  the re fore  bounded by l i n e s  
along which t h e  v o r t i c i t y  vanishes. These l i n e s  a r e  separat ion stream- 
l i n e s  with respect  t o  t he  transverse components of such h e l i c a l  flow 
( i .e . ,  f o r  t he  yz-plane, i f  x i s  taken i n  the  downstream d i rec t ion) ,  and 
contain a l l  the  "stagnation pointst'.* Some idea  could be gained o f  t he  
nature  of  the  c i r cu l a t i on  pa t t e rn  i f  i t  were poss ible  t o  s t a t e  general  
proper t ies  of  these  l ines .  
It has been observed t h a t  the  secondary flow moves toward cor- 
ne r s  whose walls were equally rough, and one would expect t ha t  i n  the  
immediate neighborhood of  such a  corner t he  d i r ec t i on  of flow would be 
along t h e  b i s ec to r  of  the  corner angle,  This much can be argued from 
considera t ions  o f  symmetry about such a b i sec to r ;  t h i s  same symmetry 
requ i res  t h a t  t h e  v o r t i c i t y  must be zero along the  b i sec to r  i n  the  
neighborhood of t he  corner. Hence, t h e  b i s ec to r  is a  separation stream- 
l i n e ,  and the  corner is a stagnation point.  (This is  c l ea r l y  indicated 
i n  reference 12,  pa r t i cu l a r l y  i n  the  closed t r i angu la r  pipe i l l u s t r a t e d  
i n  f igure  2O,l5,) 
The observation o f  Eins te in  and Li t h a t  t h e i r  expression may 
not  vanish " i f  the  flow pa t te rn  changes as one follows the  boundary i n  
t he  c ross  sect iont t  suggests  t ha t  the re  would be a c i r cu l a t i on  across  any 
point of  roughness change not a t  a corner. This follows because of t h e  
di f ference i n  ve loc i ty  p ro f i l e s  t o  be expected over the  boundary seg- 
ments of  d i f f e r i n g  roughness. Thus, i n  t he  s p l i t  bed s i t u a t i o n ,  t he  
corner between w a l l  and smooth bed would be a s tagnat ion point ,  whereas 
t he  midpoint o f  the  bed would not. 
A t  present ,  l i t t l e  can be s a id  beyond these  suggestions, because 
*Reference t o  Figure 14  may c l a r i f y  t h i s  l i n e  of  argument: t h a t  
f igure  i l l u s t r a t e s  four  c e l l s ,  adjacent  ones being of opposite s i gn  o r  
sense. These c e l l s  a r e  divided by separat ion streamlines,  and t he  po in t s  
indicated by l a rge  do t s  a r e  s tagnat ion points ,  with respect  t o  t ransverse  
and v e r t i c a l  (i.e., y- and z - )  components o f  velocity.  
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not enough is known of  t he  s p a t i a l  va r ia t ions  of the  mixture length  ( fo r  
Howarthvs theory) o r  of the  Reynolds s t r e s s e s  within the  flows ord inar i ly  
encountered i n  open channels. On the  bas i s  of  what has been suggested, 
however, a few qua l i t a t i ve  comments may be made concerning the  possible 
nature of the  secondary c i r cu l a t i on  i n  runs 22 and 36. Run 23 is be- 
lieved t o  be too shallow to  allow the  development o f  a secondary c i rcu la-  
t i o n  with l a rge  enough o r  s t rong enough c e l l s  t o  make any obvious s o r t  
of modification of  t he  isotachs.  
I n  run 36, the  i so tachs  a r e  drawn much more markedly i n to  the  
corners than i n  Nikuradsevs cases ( C f .  r e f .  11, figs .  20.13 and 20.161, 
from which i t  seems tha t  the  s t reng th  of t he  secondary c i rcu la t ion  is 
considerably g r ea t e r  i n  t he  present case. It is suggested t h a t    his 
g rea te r  s t reng th  can be associated with t he  g r ea t  d i f ference i n  roughness 
on t he  two walls making up the  corner. This suggestion is consis tent  
with t he  ve loc i ty  d i s t r i bu t i on  i n  run 22, i f  i t  is assumed that the  de- 
pression of t he  thread of maximum veloci ty  i n  a v e r t i c a l  is a l so  a measure 
of the  s t reng th  of the  secondary c i r cu l a t i on ,  because it appears t ha t  the  
l e v e l  of  maximum veloci ty  does drop somewhat as one moves toward t h e  r i g h t  
wall (from t ransverse  s t a t i o n  - , lo  f t  to  about +.25 f t ) .  I n  canclusion, 
only t en t a t i ve  suggestions can be offered a s  to  the  pat tern  of  secondary 
c i r cu l a t i on  i n  t h e  observed runs,  but i t  seems very l i ke ly  t ha t  a 
secondary c i r cu l a t i on  "of the  second kind" did i n  f ac t  ex i s t .  
3. Estimation of boundary shear s t r e s s  d i s t r i bu t i on  
Several  methods a r e  ava i lab le  f o r  determining t he  i n t ens i t y  o f  
shear s t r e s s  on port ions of t he  f ixed boundary of a f l u i d  flow. Direct  
methods include d i r e c t  measurement of  t he  force  on a free- float ing element 
of t h e  w a l l  o r  measurement of the  movement of a spring-loaded element 
of w a l l  ( 3 3 ) 0  Methods have been used which depend on measuring t h e  r a t e  
o f  heat  o r  mass t r a n s f e r  from a wall  element (34,35). While each of 
these  methods presents  considerable d i f f i c u l t i e s  i n  technique, i t  can 
be used i n  an empirical  way so a s  not  t o  depend on assumptions regarding 
t h e  na tu re  o f  t h e  flow o r  o f  the ve loc i ty  p r o f i l e .  Methods which involve 
assumptions regarding the  na tu re  of  t h e  ve loc i ty  p r o f i l e  inc lude t h e  use  
o f  Preston o r  Stanton tubes ,  o r  simply of  c a r e f u l  determination of the  
ve loc i ty  p r o f i l e  near t h e  w a l l  (361, 
No systematic program of boundary shear  s t r e s s  observation was 
included i n  t h e  present  s tudy,  although any extension of  t h i s  work should 
c e r t a i n l y  inc lude such a program. I n  its absence, an est imate of shear  
s t r e s s  d i s t r i b u t i o n  was attempted by using t h e  ve loc i ty  data  given i n  
Table 2, as follows. 
The logari thmic ve loc i ty  d i s t r i b u t i o n  l a w  may be wri t ten  a6 
u - m l o g  (y/y0) (14) 
where 
and K i s  von Karmanls constant.* Thus, i f  ve loc i ty  p r o f i l e s  a r e  ob- 
served i n  t h e  v i c i n i t y  of  t h e  bed o r  wall ,  and these  p r o f i l e s  a r e  c lose ly  
enough spaced about t h e  perimeter ,  t h e  d i s t r i b u t i o n  of  m can be deter-  
mined. I n t e g r a t i n g  m 2  over t h e  perimeter w i l l  then allow the  mean value 
- 
o f  K to  be determined, s ince  To is known. 
Thus t h e  d i s t r i b u t i o n  o f  m 2  about t h e  perimeter g ives  a measure 
*It is  well known t h a t  K, is not constant ,  depending i n  some un- 
known way on c h a r a c t e r i s t i c ~  of  t h e  flow. I t  can the re fo re  be thought 
o f  as defined l o c a l l y  along t h e  boundary (except possibly i n  a corner)  
i f  Z is s i m i l a r l y  defined. 
0 
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o f  To/ K ' and i f  K~ is assumed constant ,  m 2  gives a measure o f  shear 
s t r e s s  d i s t r i bu t i on .  Unfortunately, the  da ta  of  Table 2 a r e  not  adequate 
t o  def ine  t he  var ia t ion  of m 2  along t he  perimeter ,  although m 2  did seem 
t o  vary r a the r  widely and t o  show higher values near the  cen te r  of the  
bed i n  the  spli t- bed cases. How much of  t h i s  is va r i a t i on  i n  l o c a l  shear 
s t r e s s ,  how much is var ia t ion  i n  K , and how much is jus t  experimental 
' e r r o r ,  is not known, The method is ind i r ec t  at be s t ,  and depends on 
having very ca re fu l ly  measured veloci ty  p r o f i l e s  near the  bed. For 
fu tu re  work, a  more d i r e c t  method would be des i rab le ,  so t ha t  l o c a l  va r i-  
a t i o n s  i n  T can be separated from l o c a l  va r i a t i ons  i n  K. 
0 
V a  DISCUSSION OF RESULTS: HYDRAULIC SUBDIVISION OF THE CEE3SS SECTION 
There a r e  severa l  s i t u a t i o n s  of flow over l a t e r a l l y  varying rough- 
ness  i n  which t h i s  va r i a t i on  is taken i n t o  account. I n  attempting t o  ac- 
count f o r  t h i s  va r ia t ion  i t  is customary t o  d ivide  the  c ross  sec t ions  of 
flow and t o  consider the  r e su l t i ng  p a r t s  hydraul ica l ly  independent. This 
is t r u e  i n  ca lcu la t ing  t he  v e l o c i t i e s  and discharge of a r i v e r  i n  flood, 
where the  flow along a vegetated flood p l a i n  would usually be t r e a t ed  
separate ly  from that within the  channel proper, Such a d iv i s ion  is in-  
corporated i n  t he  side-wall correct ion procedure widely used t o  reduce 
t he  r e s u l t s  o f  observations i n  laboratory flumes t o  the  values which would 
be obtained i n  the  corresponding two-dimensional case. It is appropr ia te  
t o  review some of the  hydraulic subdivision schemes which have been pro- 
posed, i n  p a r t i c u l a r  o f  t he  side-wall cor rec t ion  procedures o f  Johnson 
(101, i n  order  t o  determine the  usefulness o f  such a process i n  p red ic t ing  
t he  r e s i s t ance  t o  flow i n  channels similar t o  t ha t  of  the  s p l i t  bed runs 
of t he  present  study, 
1, Basic considerat ions 
The argument supporting most methods of hydraulic subdivision goes 
as follows: steady,  uniform flow can be par t i t ioned  i n  such a way t h a t  
each zone of flow is associa ted with a segment o f  perimeter o f  constant  
roughness, and t h a t  each o f  these  zones is hydraul ica l ly  independent of 
the  o thers ,  Each such zone may then be analyzed alone,  and the  customary 
equations applied. I n  the  case  of side-wall correct ions ,  f o r  example, 
t h e  r e su l t i ng  values of f ,  r, etc.  f o r  t he  zone associa ted with t h e  bed 
a r e  supposedly equivalent t o  those f o r  an i n f i n i t e l y  wide channel of the  
same bed material .  
I n  t h e  pas t  it  has been t a c i t l y  assumed t h a t  t he  dividing surfaces  
should be everywhere normal t o  curves o f  equal  mean downstream v e l o c i t y  
(i.e., they should be p a r a l l e l  t o  grad y). Indeed, t h i s  assumption was  
s t a t e d  by Leighly (37), who proceeded on t h e  b a s i s  o f  i t  t o  f ind  t h e  d i s-  
t r i b u t i o n  of  t h e  boundary shear  s t r e s s  and o f  t h e  eddy d i f f u s i v i t y  coef-  
f i c i e n t  f o r  s e v e r a l  streams. Accordingly, t h e  v e l o c i t y  surveys f o r  runs  
22, 23, and 36 were used t o  d iv ide  t h e  flow and t h e  pe r t inen t  hydraulic  
parameters were ca lcula ted ,*  The p a r t i t i o n  is ind ica ted  by do t t ed  l i n e s  
i n  Figures 11, 12,  and 13, and the  r e s u l t s  o f  t h e  c a l c u l a t i o n s  are given 
i n  Table 5, 
I n  none o f  t h e  th ree  runs  is t h e r e  good agreement between t h e  
values  ca lcu la ted  by t h e  Leighly assumptions and those  predicted by equa- 
t i o n  5 f o r  t h e  smooth p a r t s  o f  t h e  perimeter.  I n  f a c t ,  t h e  ca lcu la ted  
f r i c t i o n  f a c t o r  f o r  each w a l l  agrees  much more c lose ly  with t h a t  f o r  t h e  
adjacent  bed s e c t i o n  than i t  does with t h e  i d e n t i c a l  opposi te  side-wall. 
Thus it is obvious t h a t  t h e  Leighly method o f  p a r t i t i o n i n g  t h e  flow is 
i n c o r r e c t ,  i n  t h a t  t h e  aones i t  produces a r e  not independent. Hence, 
more c a r e f u l  cons idera t ion  o f  the  p a r t i t i o n  i d e a  is  i n  order. 
Consider a tu rbu len t  flow which i s  s t a t i s t i c a l l y  s teady and uni-  
form, and at any point  wi th in  i t  choose l o c a l  coordinates  so t h a t  t h e  
x- axis i s  downstream, t h e  y- axis i s  p a r a l l e l  t o  grad c, and p o s i t i v e  
toward inc reas ing  v e l o c i t i e s  (i .e. ,  i n  genera l  not  normal t o  the  bed). 
The z-axis w i l l  then l i e  p a r a l l e l  t o  t h e  i s o t a c h s  (Fig, 15). A s  is 
customary, t h e  x-,. y-, and z-components o f  v e l o c i t y  a r e  represented by u, 
v ,  and w, r e spec t ive ly .  Each one ( a s  we l l  as t h e  pressure ,  p)  may be 
* I t  should be noted t h a t  t h i s  d i f f e r s  from t h e  usual  side-wall 
co r rec t ion  procedure, f o r  which d e t a i l e d  v e l o c i t y  t r a v e r s e s  a r e  r a r e l y  
ava i l ab le .  I n s t e a d ,  t h e  w a l l  roughness is assumed and t h e  p a r t i t i o n i n g  
o f  t h e  c r o s s  s e c t i o n a l  a r e a  is computed. See Sect ion  2 below. 
figure 15. Local coordinate system. 
REGION 2 
F%gure 16. Momentum interchange uith 
asylmnetric isotachs . 
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Estimated Area of Mean Hydraulic Relative Reynolds Friction Factor 
Material Roughness Associated Velocity Radius Roughness Number fi calc. f. predic. f i  
Height Flow Zone 
Ai 
by defin. iq.(5) or 'i 
'i r i  E i  Ri  ( 6) 
ft ftZ fps ft 
Run 22: T = 23.3. C. S = 1. 00% (Split bed) 
Glass lo-6 .0527 3.38 . 1766 1.4 x 238,000 .0400 .0137 2.92 
Painted 
wood .0608 3.07 . I353 1.8 x 167,000 .0371 .0146 2. 54 
Gravel .0833 .0776 2.36 . 1826 . 1140 173,000 .0848 . 1298* 0.65 
Glass lo-6 .0681 2. 61 .2337 1. 1 x lom6 245,000 .0887 .0136 6.52 
.2592 2.80 . 1771 215,300 .0587 
Run 23: T = 25. 6' C. S = 2. 52% (Split bed) 
Glass lo-6 .0125 4.08 .0833 3.0 x 130,000 .0324 .0153 2. 12 
Painted 
wood .Q417 4. 14 .0942 2.7 x 149,000 .0355 .0149 2. 38 
Gravel .0833 .0595 2.59 . 1372 . 1518 135,000 . 1324 . 1567* 0.85 
Glass lo-6 .0102 1.64 .0723 3. 5 x 49,700 . 1740 .0187 9.31 
. 1239 3. 18 . 1063 - 157,700 .0685 
Run 36: T = 22. 7' C. S = 0.834% (Full rough bed) 
Painted 
steel .0663 2.74 . 1761 1.4 x 189,800 .0503 .0143 3. 52 
Gravel .0833 .2062 2.25 .236 .0884 272,000 . 1000 .1104* 0.91 
Painted 
steel .0575 2.90 . 1525 1.6 x 174.300 .0389 .0145 2. 68 
Run 36: Partitioned by Johnson-Brooks side-wall correction procedure 
Painted 
steel . .025 2.64 .0664 3.8 x 68,900 .0206 
Gravel .0833 .280 2. 64 .321 .0649 333.000 . 0986 .OW8 1.060 
Painted 
steel 1 o - ~  .025 2. 64 .0664 3.8 x 68,900 .0206 
* Hydrodynamically rough, equation 6; al l  others a r e  from equation 5. 
NOTE: Discharge data for Leighly method a r e  from velocity distributions and differ slightly from those in table 1 and 
those in Johnson-Brooks example. 
divided i n to  a mean port ion (overscored) and a f luc tua t ing  port ion (primed); 
- - 
Bogo, u = u + u ' ,  and u' = 0. 
For t he  steady flow s i t ua t i on ,  the  Reynolds equation f o r  t he  x 
component becomes 
where t he  first term i n  each bracket on t he  r i g h t  hand s ide  is a t r u e  
mean s t r e s s  term, t h e  last term ( the  so-called Reynolds s t r e s s )  being a 
measure o f  momentum advected by turbulent  ve loc i ty  f luctuat ions ,  To 
- 
speak of 9 u'v' as a s t r e s s  is not s t r i c t l y  cor rec t ,  but i t  is es tabl ished 
usage and is  sa t i s f ac to ry  so long a s , t h e  d i s t i nc t i on  between t r u e  and 
Reynolds s t r e s s e s  is kept i n  mind. l e e . ,  we w r i t e  
where T is the  s t r e s s  i n  t he  i di rec t ion  on t he  plane normal t o  t h e  j j i 
axis.  
For uniform flow we have 
and because t h e  z-axis p a r a l l e l s  the  i so tachs ,  h F / b z  - 0. Using these  
' r e l a t i ons ,  equation 15 becomes 
where now 
Txx = 0 9 
- 
7 s -g  u'w.' 0 
ZX 
Mow i f  the  z-plane is considered t o  d ivide  the  flow i n  t he  neigh- 
borhood of  t he  o r i g in  i n t o  two pa r t s ,  t h e  r e s i s t ance  offered one par t  by 
t h e  o the r  i s  measured by tzx, which does not  i n  general  vanish under t h e  
assumptions merely of steady uniform flow. ( I f  the  flow is laminar, both 
5 X  
and r vanish, so tha t  su r faces  normal t o  t h e  i so tachs  w i l l  be 
ZY 
surfaces  of  zero shear,  both longi tudinal  and transverse.) 
I f  t he  dividing planar element is ro t a t ed  through an angle a 
about the  x-axis, and y l -  and 2'-axes a r e  defined as shown i n  Figure 15, 
then t he  x-component o f  shear on the  element, rZIx, w i l l  vanish i f  tan a 
= - = z J  ryx*  whereas i n  general  t he  y8-compcnent, rZty,,  w i l l  not, 
Thus i t  cannot be assumed t h a t  both components vanish simultaneously, 
We have thus shown t h a t  with each point  within the  flow there  
can be assoc ia ted  a planar element of such o r i en t a t i on  t ha t  the  longi-  
tud ina l  shear  s t r e s s  on i t  vanishes. I n  the  absence of i n t e r n a l  singu- 
l a r i t i e s  i n  t h i s  s e t  o f  or iented planar elements, i t  is there fore  poss ible  
(conceptually, a t  l e a s t )  t o  start a t  any point  and construct  a s i n g l e  
continuous sur face  which is everywhere tangent t o  the  planar elements, 
and which, the re fore ,  w i l l  be a sur face  of zero longi tudinal  shear. 
Hence, i f  the  s t a r t i n g  points  se lec ted  a r e  points  on the  boundary a t  which 
t he  roughness changes (e,g., from the  corners ,  and i n  t he  spli t- bed runs ,  
from the  point  where the  rocks meet the  board),  the  flow w i l l  have been 
divided i n t o  zones between which t he r e  is no ne t  interchange of momentum 
i n  the  longi tudinal  d i rect ion.  Such a d iv i s ion  is always poss ible ,  but 
a s  shown above, these  surfaces  w i l l  not  i n  general  f a l l  normal t o  t he  
equal ve loc i ty  surfaces.  
To v i sua l i z e  a s i t u a t i o n  i n  which Tzx on an element normal t o  
t h e  i so tachs  does not vanish,  consider f i r s t  a simple s i t u a t i o n  i n  which 
it does, namely t h a t  o f  two-dimensional flow. Here t he  i so tachs  a r e  
s t r a i g h t ,  and t he  momentum interchange across  any z-plane can be seen t o  b e  
z e r o  bysymmetry. That is, the  parcels  of  f l u i d  ca r r i ed  across  the  plane 
i n  one d i rec t ion  have t he  same momentum, on t he  average, as those car-  
r i e d  i n  t he  opposite d i rect ion.  The same can be s a i d  i n  the  case  o f  a 
c i r c u l a r  pipe,  i n  which case  t he  z-plane a t  any point  w i l l  be a r a d i a l  
plane, and while individual  parcels  may now have d i f f e r en t  v e l o c i t i e s  
- 
u + u* from having been ca r r i ed  d i f f e r en t  d is tances  t o  c ross  t he  z-plane, 
symmetry still  preva i l s  so t ha t  the  ne t  t r anspor t  o f  momentum is seen t o  
be zero, 
I f ,  however, the  i so tachs  a r e  not  symmetrical with respect  t o  t he  
z-axis i n  t h e  neighborhood of  a  pa r t i cu l a r  point  (Figs. 15 and 16), the re  
w i l l  be a systematic b i a s  i n  t he  d i s t r i b u t i o n  of ul-values f o r  the  par- 
c e l s  being ca r r i ed  across  t he  a-plane, I n  Figure 16,parcels  such as 
t h a t  l abe l l ed  "2" w i l l  have higher v e l o c i t i e s  than t h e i r  counterparts  
( l abe l l ed  !'1" i n  t he  f i gu re ) ,  so the re  w i l l  be a  ne t  turbulent  t ranspor t  
o f  momentum. I n  the  f igure ,  the  flow i n  region 2 w i l l  experience a drag 
from the  flow i n  region 1, The magnitude of t h i s  e f f e c t  cannot be e s t i -  
mated, but i f  the  mixing length concept has any physical  r e a l i t y ,  t he  
f a c t  t h a t  ca lcula ted values of t he  mixing length  a r e  o f  the  order o f  
t en ths  o f  f e e t  r a t he r  than thousandths, say,  means t h a t  even modest 
asymmetry of the  i so tachs  may make the  momentum f lux  s i gn i f i c an t ,  
I f  the re  is a  secondary c i r cu l a t i on  such t h a t  0, the  above 
argument is not af fected.  This can be seen by no t ic ing  t ha t  only the  
- 
turbulent  t r anspor t  of  momentum, - Q  ulw' i s  involved i n  the  Reynolds 
- - - -  
- 
s t r e s s ,  and observing t h a t  u'wt = ulw - u'w = u'w, regardless  of  the  
- 
value of w, 
Consideration of Figures 11 - 13 w i l l  show t h a t  asymmetry o f  
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t h e  i s o t a c h s  could occur over much of  t h e  c r o s s  s e c t i o n ,  including the  
regions  i n  which the  zero-shear su r faces  might be expected t o  f a l l ,  Thus 
it is q u i t e  reasonable t h a t  p a r t i t i o n  o f  the  flow along l i n e s  normal t o  
i s o v e l s  should have produced such incons i s t en t  r e s u l t s  as Table 5 showed. 
T h e r e  still  remain some physica l  ob jec t ions  t o  t h e  p a r t i t i o n  con- 
c e p t ,  however, a r i s i n g  from t h e  f a c t  demonstrated above, t h a t  i t  is not  
necessa r i ly  t r u e  t h a t  because t h e  long i tud ina l  shear  s t r e s s  ( rZ t x )  has  
vanished, t h e  t r ansverse  shear  s t r e s s  (Z ) must have vanished a l so .  
z ' y '  
Thus, f o r  example, the  flow i n  a zone assoc ia ted  with a side-wall proper ly  
separa ted  by a su r face  o f  z e r o ' l o n g i t u d i n a l  shea r ,  is still  influenced by 
the slower flow over t h e  rough bottom, not  d i r e c t l y  by a long i tud ina l  
drag,  but  by t h e  o t h e r  component o f  shear  on t h e  d iv id ing  surface.  The 
na tu re  o f  t h i s  inf luence  is not  c l e a r ,  but i t  seems l i k e l y  t h a t  i t  might 
s i s n i f i c a n t l y  modify the  ve loc i ty  d i s t r i b u t i o n s  and turbulence p roper t i e s  
o f  t h e  zones, s o  as t o  make ques t ionable  t h e  use o f  equations developed 
f o r  q u i t e  a  d i f f e r e n t  flow s i t u a t i o n  ( t h e  Karman-Prandtl equations,  f o r  
example). An a d d i t i o n a l  point  o f  concern is t h a t  these  zones, par t icu-  
l a r l y  those  as soc ia ted  with side-walls ,  may be  more nearly t r i a n g u l a r  
than rec tangu la r ,  and as Keulegan (12) has pointed o u t ,  t h e  shape o f  
t h e  flow s e c t i o n  must be accounted f o r ,  al though it would be q u i t e  dif- 
f i c u l t  t o  decide  on an  appropr ia te  value o f  h i s  shape f a c t o r ,  P ,  f o r  a 
narrow t r i a n g u l a r  s e c t i o n  with only one w a l l !  
2. Procedure 
Thus f a r  the  genera l  r a t i o n a l e  o f  hydraulic  subdivision o f  flow 
has been considered. However, the  side-wall  co r rec t ion  method a s  a c t u a l l y  
p rac t i ced  d e p a r t s  somewhat from t h e  r a t i o n a l e ,  so  a d e t a i l e d  examination 
o f  t h e  procedure is i n  order .  For s i m p l i c i t y ,  cons ider  s teady,  uniform 
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flow i n  a rec tangular  open channel whose bed is of  one roughness and 
whose s i d e s  a r e  ,both of  another roughness. Of the  physical  q u a n t i t i e s  
associa ted  with t h e  o v e r a l l  flow, those which a r e  common t o  a l l  zones 
a r e  0 ,  3 ,  g,  and S, while those a l ready known separa te ly  f o r  t h e  zones 
a r e  P and 6 ,  Therefore, t h e  q u a n t i t i e s  t o  be pa r t i t ioned  may be taken 
as u,  A ,  f ,  and r. Because of t h e  symmetry about t h e  v e r t i c a l  c e n t e r  
l i n e  o f  t h e  channel,  t h e  two wall  sec t ions  w i l l  be considered together,  
A subsc r ip t  w w i l l  apply t o  those q u a n t i t i e s  pe r ta in ing  t o  the  zones 
assoc ia ted  with t h e  walls, subsc r ip t  b t o  those pe r ta in ing  t o  t h e  zones 
assoc ia ted  with t h e  bed, and no subsc r ip t  t o  o v e r a l l  values. 
Considering o v e r a l l ,  wall- associated, and bed-associated quanti-  
t i e s ,  the re  a r e  twelve va r iab les ,  four  f o r  each zone. Four of  these ,  
usual ly  t h e  o v e r a l l  q u a n t i t i e s ,  a r e  known. The following e igh t  r e la t ions*  
can be wr i t t en  among the  e igh t  remaining v a r i a b l e s  
Geometric continuity:  A + A b = A  
W 
( 21a 1 
Flow cont inui ty :  A u  + %ub = Au 
W W  
( 21b ) 
Defini t ion:  r = AJPw 
W 
( 21c 
Def in i t ion  : rb = %/pb (21d) 
Def in i t ion:  f b  = 8grbS/$ ( 21@ 1 
*Various au thors  d i f f e r  i n  d e t a i l s  of  t h e i r  procedure. Eins te in  
( 2 )  uses Manning's equation t o  def ine  both t h e  bed and bank roughness, 
and es t imates  t h e  bank roughness nw independently. Johnson ( 25 )  p r e f e r s  
t h e  Karman-Prandtl r e s i s t a n c e  equation f o r  t h e  bed, because i t  is b e t t e r  
a b l e  t o  account f o r  t h e  e f f e c t s  o f  temperature, and t h e  roughness co- 
e f f i c i e n t  is dimensionless. The w a l l  roughness, fw '  is  usually e s t i -  
mated i n  h i s  method, too ; i t  need not be, however. Brooks (27, 38) has 
developed a modificat ion which permits d i r e c t  s o l u t i o n s  f o r  t h e  s i t u a-  
t i o n  i n  which t h e  walls say be assumed t o  be hydrodynamically smooth, 
and he a l s o  considers  ( 38 ,  p. 236 f f )  t h e  e f f e c t  of  assuming some value 
f o r  u  u  o t h e r  than unity.  J 
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Definit ion:  f  = 8gr$": 
W 
Eknpirical r e la t ion :  f = cj), ( r y ,  uW; 3 r E W) W ( 21g 1 
Empirical r e la t ion :  fb  = 9 2  (1.~9 %; 9 9 d b) ( 21h 1 
However, s ince  t he  goal  o f  most s e r i e s  of  experiments is to  i nves t i ga t e  
t he  funct ional  r e l a t i o n  which descr ibes  t h e  behavior o f  fb, it is beg- 
ging the  question t o  assume one. Hence, we a r e  sho r t  one equation, and 
t he  assumption usually made t o  meet t h i s  deficiency i s  t h a t  uw = ub. 
While t h i s  i s  not  s t r i c t l y  j u s t i f i a b l e ,  Brooks (38) showed t h a t  assuming 
u f i  = 0.9 gave r e s u l t s  only a few percent d i f f e r e n t  than did  assuming 
u = uW. The r e s u l t s  of  the  veloci ty  survey f o r  run 36 were used t o  ca l -  
cu l a t e  t h e  a c t u a l  values o f  u/u f o r  various a r b i t r a r i l y  chosen wall- 
associa ted zones. The zones measured a r e  indicated i n  Figure 17,  and the  
r e s u l t s  a r e  as follows: 
Division 
Number *dA 
Here, a r ea  L4 i s  a t r i a n g l e  chosen t o  approximate t he  l e f t  zone defined 
by the  Leighly method. 
Thus f o r  small  values of  AJA, t h e  assumption of u = u is not 
W 
a  bad one. When AJA is  la rge ,  as would be the  case  when wal l  and bed 
roughnesses a r e  nearly the  same, the  s i m i l a r i t y  i n  roughness i t s e l f  would 
tend t o  r e s u l t  i n  u p  not g rea t ly  d i f f e r e n t  from unity.  
It is i n t e r e s t i n g  t o  note t h a t  nowhere i n  the  side-wall correc-  
t i on  procedure ( a s  contrasted with the  r a t i ona l e )  is the  locat ion of 
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the  dividing surfaces  specif ied,  much l e s s  t h a t  they be required t o  be 
surfaces  of zero shear. Indeed, i f  f and f a r e  eliminated among equa- b w 
t i ons  21 e ,  f ,  g ,  and h, and i f  equations 21 c and d a r e  used t o  elimi-  
na te  rw and r the  r e su l t i ng  four equations i n  A b ' w, Ab, uw, and y~ will 
be seen t o  r e f l e c t  nothing of  the  i n t e r n a l  nature  of  t he  flow, and the  
solut ion is seen to  depend, fo r  its recognit ion of  physical r e a l i t y ,  
only on t he  pa r t i cu l a r  res i s tance  functions which a r e  chosen, Since it 
is debatable whether these  functions can r e a l i s t i c a l l y  describe t he  be- 
havior of flow i n  a channel with r i g i d  boundaries but d r a s t i c a l l y  non- 
regular  shape, i t  is d i f f i c u l t  to  see t h a t  t h e  procedure has any physical 
s ignif icance a t  a l l  except i n  an approximate way. Thus the  excellent  
r e s u l t s  of  its appl icat ion t o  the  data  of  the  present study (see  Chapter 
111, especia l ly  Figure l o ) ,  must f o r  t he  time being be considered for- 
tu i tous ,  and use of  the  procedure i n  s i t u a t i o n s  very d i f fe ren t  from those 
i n  which i t  i s  previously known t o  work should be undertaken with cau- 
t ion.  
Figure 17. Arb i t ra r i ly  chosen wall-associated zones,run 36. 
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V I .  SUMMARY AND CONCLUSIONS; SUGGXSTIONS FOR FUTURE 'WORK 
1. Summary 
Steady, uniform, open-channel flow was es t ab l i shed  a t  var ious  
depths and v e l o c i t i e s  over two types o f  beds, one rough over the  e n t i r e  
width o f  a  labora tory  flume, t h e  o t h e r  rough only over h a l f  t h e  width 
and smooth over t h e  o t h e r  ha l f .  F r i c t i o n  f a c t o r s  were determined f o r  
these  flows, and d e t a i l e d  ve loc i ty  d i s t r i b u t i o n s  were measured i n  t h r e e  
runs. The f r i c t i o n  f a c t o r s  were compared with those predicted by the  
Karman-Prandtl equations,  and t h e  v e l o c i t y  t r a v e r s e s  were used t o  i n-  
v e s t i g a t e  t h e  ex i s t ence  o f  secondary c i r c u l a t i o n s  and t o  a s s e s s  t h e  
v a l i d i t y  o f  methods o f  subdividing such a flow i n t o  hydrodynamically 
independent pa r t s .  
2. Conclusions 
The following conclusions may be s t a t e d :  
A. The bed f r i c t i o n  f a c t o r s  determined f o r  flow over the  rough 
bed a r e  cons i s t en t  with t h e  Karman-Prandtl equation f o r  turbulent  flow 
i n  rough, two-dimensional open channels ,  i f  t h e  side-wall co r rec t ion  
procedure o f  Johnson is app l i ed ,  t h i s  consistency having been observed 
f o r  r e l a t i v e  roughnesses ranging from 0.09 t o  0.18. 
Be The o v e r a l l  f r i c t i o n  f a c t o r s  found f o r  flow over a bed rough 
on only one h a l f  va r i ed  cons i s t en t ly  with r e l a t i v e  roughness o r  hydraulic 
radius.  They can be est imated within about s i x  percent  by weighting 
equally t h e  va lues  f o r  the  rough bed runs and f o r  smooth, two-dimensional 
channels o f  t h e  same hydraulic  radius .  They can be estimated only to  
wi th in  30 percent  o f  t h e  t r u e  value by weighting t h e  values f o r  smooth 
and rough two-dimensional channels o f  the  same hydraulic  r a d i u s ,  i f  t h e  
l a t t e r  va lues  a r e  taken from t h e  Karman-Prandtl equations and i f  t h e  
weighting is i n  proportion t o  the  roughness d i s t r i bu t i on  over the  wetted 
perimeter. Values estimated by t h i s  l a t t e r  method averaged about 10 
percent  high. 
C. I n  considering methods o f  subdividing stream cross  sec t ions  
i n t o  hydrodynamically independent zones, i t  was concluded t h a t  surfaces  
o f  subdivision which l i e  normal t o  su r faces  o f  equal mean downstream 
ve loc i ty  a r e  generally not surfaces  o f  zero longi tudinal  shear s t r e s s  
(where t h e  term shear s t r e s s  is taken t o  include the  advected turbulent  
momentum described as Reynolds s t r e s s e s ) .  Surfaces of zero longi tudinal  
shear do e x i s t ;  however, they do not  necessar i ly  d ivide  t h e  flow in to  
independent parts because t he  t ransverse  shear  s t r e s s  w i l l  not i n  general  
vanish on these  surfaces. Therefore,  subdivision o f  a turbulent  flow 
i n t o  hydrodynamically independent zones is not  i n  general  poss ible ,  be- 
cause the  turbulence generated a t  t he  bed is undoubtedly di f fused through- 
out  t he  channel. Thus, while the  customary side-wall correct ion pro- 
cedure seems t o  be adequate f o r  e l iminat ing t he  e f f e c t  o f  smooth s i d e  
walls on the  flow over a rough bed, t h i s  adequacy must be considered 
f o r t u i t ous ,  as the re  is no firm r a t i o n a l  ba s i s  f o r  t he  individual  s t e p s  
of  t he  procedure. 
D. The de t a i l ed  ve loc i ty  p r o f i l e s  f o r  t h r ee  runs ind ica te  the  
exis tence  o f  s t rong  secondary c i r cu l a t i on  of the  general  pa t t e rn  described 
by Prand t l  as being "of the  second kind". 
3. Suggestions f o r  f u tu r e  work 
It was noted previously (p. 31) t h a t  t he  r e s u l t s  o f  t he  present  
study could probably be extended t o  s p l i t  beds o f  d i f f e r e n t  roughness. 
The procedure mentioned was t o  determine t h e  f r i c t i o n  f ac to r  f o r  a two- 
dimensional channel o f  the  new roughness, t o  change i t  t o  one f o r  a 
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channel of  the  required shape by using the  side-wall correct ion procedure 
i n  reverse ,  and then t o  take t he  average of the  f r i c t i o n  f ac to r  thus 
modified and t he  f r i c t i o n  fac to r  f o r  a smooth, two-dimensional channel 
o f  the  same hydraulic radius. I t  remains t o  be seen, however,whether 
such a procedure would be e f f ec t i ve  f o r  beds o f  o ther  l a t e r a l  d i s t r ibu-  
t i o n s  o f  roughness, and t he  assumption t h a t  i t  would be e f f ec t i ve  neces- 
s a r i l y  r e l i e s  on an assumption of the  v a l i d i t y  o f  the  side-wall cor rec t ion  
procedure. Thus i t  is apparent t h a t  not  only does considerably more 
work need to  be done with d i f f e r en t  bed roughness s i z e s  and d i s t r i bu t i ons  
and with a  wider range o f  width/depth r a t i o s ,  but a l so  a c lo se r  look must 
be taken a t  the  i n t e r n a l  na tu re  o f  the  flow. For example, more thorough 
and more p rec i se  veloci ty  d i s t r i bu t i on  measurements a r e  needed, and t h e  
ve loc i ty  measurements should be extended t o  include determinations of 
d i r ec t i on  of flow, so as t o  shed more l i g h t  on the  secondary c i r cu l a t i on  
patterns.  These pa t t e rn s  a r e  more than a c u r i o s i t y ,  because i t  seems 
l i k e l y  t h a t  they play some pa r t  i n  the  i n t e r ac t i on  of d i f f e r en t  por t ions  
of the  flow, even i f  not i n  the  advection of turbulent  momentum. 
Of  a more fundamental nature  a r e  observations (1) of t he  s p a t i a l  
va r ia t ion  of t h e  turbulent  ve loc i ty  f luc tua t ion  cor re la t ions  (or  o f  t h e  
~ e ~ n o l d s  s t r e s s e s )  o r  of  t he  mixing length;  (2) of the nature  of  the  
boundary l aye r  i n  a wide channel i n  the  neighborhood of  a break i n  
boundary roughness; ( 3 )  of the  e f f e c t  on a boundary l ayer  of  turbulent  
f luc tua t ions  a r i s i n g  from a nearby w a l l  of  d i f f e r e n t  roughness ( a s  i n  a  
closed wide channel with d i f f e r en t  roughnesses on opposite walls).  
I n  add i t ion  t o  a l l  the  above, i t  should be remembered t h a t  t h e  
l a t e r a l l y  varying roughness found i n  nature  is i n t e r r e l a t e d  with the 
t ranspor t  o f  sediment. Once the  quest ions  mentioned above a r e  extended 
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t o  flows t ranspor t ing sediment, they become very much more complicated. 
This is pa r t i cu l a r l y  t r u e  o f  those questions r e l a t i n g  t o  l o c a l  p roper t i es  
o f  the  flow, 
Pa r t i cu l a r  p ro jec t s  which should be undertaken next might include 




tunnel  approximating a two-dimensional channel, i n  which one o r  
walls were divided i n t o  respect  t o  roughness o r  i n  which one wall 
smooth and t he  o the r  rough; (2) determination o f  the veloci ty  
vector  d i s t r i b u t i o n  throughout an open-channel flow over l a t e r a l l y  vary- 
ing  roughness; and (3) determination o f  t h e  d i s t r i bu t i on  of boundary 
shear  s t r e s s  about the  perimeter. 
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APPENDIX 
Summary of Notation 
I n  t h e  following summary, the  page number r e f e r s  t o  t he  page on 
which each symbol is f i r s t  used o r  defined. 
Symbol Description Page 
A Area o f  c ross  sec t ion  o r  of  a zone thereof 51 
A(y) Area o f  surface  which is ac tua l l y  water 
b Width of channel 
b Width o f  rough pa r t  of  channel 
g  
d Depth o f  flow 
E Relat ive  roughness 
Darcy-Weisbach f r i c t i o n  f ac to r  
F r i c t i on  f ac to r  estimated by Method A 
Fr i c t i on  f ac to r  estimated by Method B 
F r i c t i on  f ac to r  f o r  flow i n  rough two-dimensional 
channels 
Observed f r i c t i o n  fac to r  f o r  rough bed 
F r i c t i on  fac to r  f o r  flow i n  rough c i r c u l a r  sec t ions  
F r i c t i on  f ac to r  f o r  flow i n  smooth two-dimensional 
channels 
Observed f r i c t i o n  fac to r  f o r  s p l i t  bed 
F r i c t i on  f ac to r  for flow i n  smooth c i r c u l a r  sec t ions  
Froude No. 
Acceleration o f  gravi ty  
Slope o f  semilogarithmic ve loc i ty  d i s t r i b u t i o n  
Perimeter 
P Pressure 
Q Fluid discharge 
r Hydraulic radius  
ro 
Radius d f  spher ica l  o r  hemispherical bed roughness 
element 
R Reynolds number 
S Energy gradient  
u Mean downstream veloci ty  
U* Shear veloci ty  
Velocity i n  y d i r ec t i on  
Velocity i n  z d i rec t ion  
Ratio of  width, b, t o  depth,  d 
Downstream d i r ec t i on  
Direction normal t o  i s o  tachs  
Arbi t rary  length  constant  i n  equation 14 
Direction tangent t o  i so tachs  
Angle through which dividing planar element i s  ro ta ted  
Shape f a c t o r  f o r  polygonal channels (Keulegan , re f .  12) 
Height o f  boundary roughness elements 
8 Roughness d i s t r i bu t i on  r a t i o  
K von Karman's constant  
P Dynamic v i s cos i t y  
3 Kinematic v i scos i ty  
9 Density o f  f l u id  
Z Shear s t r e s s  i n  the  i d i r ec t i on  on t he  plane normal 
ji t o  t h e  j a x i s  
= o  
Boundary shear s t r e s s  
'f' Functional  r e l a t i onsh ip  defined i n  equation 10 
Subscr ip ts  and o ther  supplementary symbols sys temat ical ly  used 
b Quan t i t i e s  per ta in ing t o  zones associa ted with the  
bed ( A ,  P, f ,  u)  
w Quantities pertaining to zones associated with the 
walls ( A ,  P, f, u) 
- 
Mean value (of velocity, u, v, or w; or of pressure, p) 
t Fluctuating value (of velocity, u, v, or w)  
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